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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) caused a global public
health emergency in humans from 2020 to 2023 and was associated with over 7 million
human deaths. Besides humans, SARS-CoV-2 has been detected in a wide range of animals,
including companion, farm, zoo, and wild animals. At least 61 animal species from
29 animal families of 12 animal orders have tested SARS-CoV-2 positive. Documented
evidence reported that not only human-to-animal transmission but also animal-to-human
transmission events occurred. During the course of the pandemic progression in humans,
SARS-CoV-2 strains in animals evolved in parallel with those in humans. Continued
monitoring of SARS-CoV-2 in animals is needed to safeguard both human and animal
health. In this study, we report investigation of two outbreaks of SARS-CoV-2 Omicron
variant infection in tigers and gorillas in two zoological institutions. In the first zoo, six
tigers tested positive by SARS-CoV-2 real-time RT-PCR and shed viral nucleic acid in feces
for up to two weeks. Three of the tigers showed intermittent shedding patterns, while
the other tigers shed only for 7-10 days. No other species, including cheetah, otter, lion,
anteater, gibbon, and tamarin, tested positive. During the outbreak at the second zoo, a
total of six gorillas were tested positive for SARS-CoV-2, while other primates housed in
the same building (colobus and orangutan) tested negative. Follow-up testing revealed
that two gorillas tested positive for SARS-CoV-2 over a one-month period (30 and 33 days,
respectively), while the other four gorillas had positive SARS-CoV-2 PCR results for 14 to
25 days. Four gorillas had intermittent shedding patterns. Notably, compared to tigers,
gorillas had a prolonged duration of fecal viral shedding. Sequencing was performed on
the positive samples, and analysis indicated that strains detected in tigers and gorillas
belonged to SARS-CoV-2 Omicron BQ.1.10 and XBB.1.16, respectively. Overall, this study
offers valuable insights into the duration of viral RNA shedding for SARS-CoV-2 Omicron
in zoo animals, facilitating accurate diagnostic evaluation and management of infected
tigers and gorillas.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a contagious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). COVID-19 was first observed at the end
of 2019 in China and caused global pandemic a couple months later [1]. SARS-CoV-2 is an
enveloped single-stranded positive-sense RNA virus in the genus of Betacoronavirus within
the family Coronaviridae. In general, zoonotic coronaviruses usually need intermediate
hosts to gain adaptations for infectivity of humans. It has been known that SARS-CoV and
Middle East respiratory syndrome coronavirus (MERS-CoV) evolved through palm civets
and camels before infecting humans [2]. At the beginning of the COVID-19 pandemic,
one bat coronavirus strain, RaTG13, was found to have the highest nucleotide identity
(96.2%) with SARS-CoV-2 [3]. A subsequent surveillance study reported that another bat
coronavirus strain, BANAL-20-52, shares an even higher nucleotide identity (96.8%) with
SARS-CoV-2 than RgTG13 [4]. It remains unclear how SARS-CoV-2 evolved from a bat
coronavirus, probably through point mutations and/or recombination events in bats or
other intermediate hosts.

As one of three human pandemic coronaviruses, SARS-CoV-2 caused 762,133,867 infections
with 6,811,298 associated deaths during 2019-2023 worldwide [5]. In addition to the devas-
tating impact on humans, SARS-CoV-2 also causes infection in a varietiy of animal species.
To date, four major categories of animals have tested positive for SARS-CoV-2 including
domesticated pets (dogs, cats, domestic ferrets, and hamsters), captive wildlife (tigers,
lions, snow leopards, cougars/pumas, hyenas, gorillas, red foxes, lynxes, fishing cats,
binturongs, leopard cats, Indian leopards, etc.), farm animals (minks, cattle, buffalo, etc.),
and free-ranging wildlife (white-tailed deer, mule deer, giant anteaters, etc.) [6]. Similar to
infection in humans, SARS-CoV-2 mainly causes respiratory illness in animals. In addition
to respiratory signs [7], SARS-CoV-2 also causes enteric signs in animals, such as vomit-
ing and diarrhea [8]. Depending on the animal species, clinical presentations in animals
infected by SARS-CoV-2 vary from asymptomatic to mild or severe respiratory symptomes,
pneumonia, enteric illness, and death [7-11].

Most SARS-CoV-2 animal cases represent reverse zoonoses, and the strains in animals
evolved alongside the pandemic’s progression in humans [8,10,12-14]. In addition to
human-to-animal transmission events, animal-to-animal [12,14] and even animal-to-human
transmission [12,15-17] events have been documented for SARS-CoV-2, highlighting the
importance of a one health approach.

Regardless of host, among these SARS-CoV-2 variants, the Delta variant has been
more virulent, while the Omicron variant is more transmissible [18-23]. Soon after the
emergence of the Omicron variant in humans, it was also detected in animals [24]. In the
present study, we report the characterization (genome and replication) of Omicron variants
in two zoo animal species: tigers and gorillas.

2. Material and Methods
2.1. Samples

Fecal samples from six tigers, (1.5) H, K, M, Suk, Sum, and N, with an age range of
1 to 16 years, and from other animals (anteater, cheetah, gibbon, lion, otter, and tamarin) at
Zoo #1, as well as from six gorillas, B, Ko, Ka, A, J, and N (1.5), with an age range of 5 to
35 years at Zoo #2, which were submitted for diagnostic testing, were used in this study.
Fecal samples were collected in tube containers and shipped overnight on ice packs. Two
tigers (Sum + N) were housed together, so individual feces could not be identified.
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2.2. RNA Extraction

Fecal samples were swabbed into 0.5 mL of 1x phosphate-buffered saline (PBS)
solution, briefly vortexed and centrifuged for 2 min at 6800 RCF. A total of 200 pL of super-
natant from the fecal suspension solution was used for extraction of total nucleic acids using
the MagMax Pathogen RNA /DNA kit following the kit instructions (Catalog # 4462359,
Thermo Fisher Scientific, Austin, TX, USA) as described previously [25]. Nucleic acid
extraction was processed using an automated extraction instrument, the Thermo Scien-
tific KingFisher Flex (Thermo Fisher Scientific, Waltham, MA, USA), with the MagMAX
Pathogen High Volume 96DW protocol. Viral RNA was eluted in 90 uL of elution buffer
and subsequently used for the rRT-PCR assay.

2.3. Real-Time RT-PCR Testing

The presence of SARS-CoV-2 nucleic acid was assessed using a real-time RT-
PCR assay, as previously described [25]. Real-time RT-PCR was performed using
N2 CDC primers (2019-nCoV RUO Kit, 500 rxn, IDT# 10006713, IDT, Coralville, IA,
USA) on an Applied Biosystems™ (ABI) 7500 Real-Time PCR System (Thermo Fisher
Scientific, Foster City, CA, USA) [25] or a Bio-Rad CFX Opus 96 Real-Time PCR in-
strument (Bio-Rad Laboratories, Hercules, CA, USA). The sequences of primers and
probe were as follows: 2019-nCoV_N2-forward primer: TTACAAACATTGGCCGCAAA,
2019-nCoV_N2-reverse primer: GCGCGACATTCCGAAGAA, and 2019-nCoV_N2-probe:
FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ1 [25,26]. On the Bio-Rad CFX Opus
96 Real-Time PCR System, the PCR reaction was performed in a 24 puL volume, contain-
ing 6.0 pL of the TagPath™ 1-Step Multiplex Master Mix, 2.0 uL of the N2 primer and
probe mixture, 1.0 puL of the Xeno (Thermo Fisher Scientific, Austin, TX, USA), 1.0 uL
of the LIZ assay (Thermo Fisher Scientific, Austin, TX, USA), 8.0 uL of the nuclease-free
water, and 6.0 puL of the nucleic acid template. Xeno, together with the LIZ™ assay, was
employed to serve as an internal positive control. Additionally, one negative rRT-PCR
control (nuclease-free water) and one positive rRT-PCR control were assayed with every
run of PCR reaction. Following the completion of the run, fluorescence thresholds were
analyzed to ensure the Ct values were appropriately recorded. The PCR conditions were as
follows: Uracil-N-glycosylase (UNG) incubation at 25 °C for 2 min; reverse transcription at
48 °C for 10 min; polymerase activation at 95 °C for 10 min; and 40 cycles of amplification
at 95 °C for 15 sec followed by 60 °C for 45 s.

2.4. Whole-Genome Sequencing and Analysis

PCR amplicons were amplified using a CDC-based method [27] and the Artic
method [28], and sequencing library was prepared using the Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA), followed by sequencing using MiSeq
Reagent Kit V2 (Illumina, San Diego, CA, USA) at 300 cycles on MiSeq platform (Illumina,
San Diego, CA, USA). The raw FastQ data were assembled into Fasta format using both
SPAdes [29] and CLC genomics workbench (https://www.qiagen.com/zh-cn/products/
discovery-and-translational-research /next-generation-sequencing /informatics-and-data/
analysis-and-visualization/clc-genomics-workbench, accessed on 9 December 2025), and
a local blast was run against the NCBI NT database. Sequence alignment and phyloge-
netic tree analysis were performed using MEGA software, version 7.0.26 [30]. The online
Pangolin COVID-19 Lineage Assigner tool was used to classify strains included in the
phylogenetic tree [31].

Assembled genomes of tiger TX-UIUC-31115 and gorilla IL-UIUC-39037 strains were
deposited into GISAID [32]. Other online sequences used for comparison and analysis in
this study are publicly accessible in GISAID under https://doi.org/10.55876/ gis8.250828um.
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3. Results
3.1. Clinical Infections in Tigers and Gorillas

At Zoo 1, six tigers (1.5) ranged in age from 1 to 16 years. Four tigers (H, K, M, Suk)
were housed individually, and the two youngest tigers (Sum + N) were housed together.
All tigers had previously been vaccinated with the Zoetis mink coronavirus vaccine subunit
with a two-dose regimen in 2021 [33]. The first tiger initially presented with a single
episode of vomiting and intermittent cough in January 2023. Symptoms progressed to
include hyporexia, increased coughing, and wheezing with clear nasal discharge. Fecal
samples were collected from all tigers for COVID-19 testing. Five of the six tigers were
asymptomatic when they initially tested positive. For the tigers that were asymptomatic
when the initial positive sample was collected, clinical signs developed within 1-3 days.
All tigers developed cough, wheezing, hyporexia and varying degrees of lethargy, with
symptoms being more severe in the oldest tiger and milder in the youngest tigers. One
tiger, the most severely affected one, also developed tachypnea. Clinical signs persisted
for 2 to 11 days. Depending on the severity of clinical signs, treatment ranged from close
monitoring to the administration of meloxicam and cefovecin sodium.

At Zoo #2, six gorillas (1.5), with an age range of 5 to 35 years, were housed together
and had previously been vaccinated with the Zoetis mink coronavirus vaccine subunit
with a two-dose regime in 2021 [33]. In the first week of August 2023, all six developed
varying clinical signs consistent with COVID-19 infection, such as lethargy, hyporexia, clear
nasal discharge, and infrequent dry unproductive cough. Clinical signs resolved in less
than 2 weeks either without treatment or with a combination of maropitant, ondansetron,
ibuprofen, and oral vitamin C, based on individual clinical signs.

3.2. Detection and Follow-Up Testing for SARS-CoV-2 in Tigers

For the SARS-CoV-2 real-time RT-PCR testing in the first zoo, five tigers (H, K, M, Sum
+ N,) initially tested positive, with Ct values between 26.97 and 37.93 (Figures 1 and 2),
while the sixth tiger (Suk) tested positive the following day. These tigers exhibited the
highest viral shedding on the second (H, K, Sum + N) or fifth (M and Suk) day post-PCR
positive (Figure 2).
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Figure 1. Test timeline and results for tigers H, K, M, Suk, and Sum + N at Zoo #1 using real-time
RT-PCR. The duration of positive SARS-CoV-2 results was calculated from the first to the last day of
positivity. Gray solid circles indicate no samples were collected for testing, red solid circles indicate a
positive PCR result, and teal solid circles indicate a negative PCR result.
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Figure 2. Follow-up real-time RT-PCR result (Ct value) for tigers H, K, M, Suk, and Sum + N at Zoo
#1. The day with the highest viral shedding is highlighted with an arrow. Timepoints with a negative
result are noted y a line at a Ct value of 40.

Shedding periods of the six tigers for SARS-CoV-2 ranged from one week to two
weeks (Figure 1). Tiger H had the longest shedding duration (13 days), followed by Tiger
K (11 days) and Tiger M (10 days). The remaining three tigers (Suk and Sum + N) shed
viruses for 7 to 8 days. During these periods, three tigers (H, K, and Suk) showed an
intermittent shedding pattern, with one or two consecutive negative result before resuming
shedding (Figures 1 and 2). SARS-CoV-2 was not detected in samples from other zoo
animals, including anteater, cheetah, gibbon, lion, otter, and tamarin.

3.3. Detection and Follow-Up Testing SARS-CoV-2 in Gorillas

A total of six gorillas at Zoo #2 tested positive for SARS-CoV-2. The first positive
case was detected in gorilla B using real-time PCR (Ct value 29; Figures 3 and 4). Three
days later, another gorilla (Ka) tested positive, and within six days, all six gorillas were
confirmed positive. The index gorilla B exhibited the highest viral load 20 days after the
initial positive PCR (Figure 4), while gorilla ] had the highest viral load 5 days after the
initial positive PCR. Four gorillas (Ko, A, N, and Ka) shed the highest amounts of virus in
feces during their first or second positive PCR test, which occurred five to six days after the
initial detection in the index gorilla B (Figures 3 and 4).

Follow-up testing showed that the index gorilla B shed virus more than one month
(33 days) and other two gorillas, Ko and Ka, shed virus for 32 and 30 days, respectively. The
remaining three gorillas A, ], and N, shed virus 28, 25, and 15 days, respectively. Overall,
these data showed that gorillas had longer viral shedding compared to tigers.
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Figure 3. Test timeline and results for gorillas B, Ko, Ka, A, J, and N at Zoo #2 by real-time RT-PCR.
The duration for positive SARS-CoV-2 results was calculated from the first to the last day of positivity.
Gray solid circles indicate no samples collected for testing, red solid circles indicated a positive PCR
result, and teal solid circles indicate a negative PCR result.
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Figure 4. Follow-up real-time RT-PCR result (Ct values) for gorillas B, Ko, Ka, A, ], and N at Zoo
#2. The day with the highest viral shedding is indicated with an arrow. Time points with a negative
result are indicated by a line at a Ct value of 40.

3.4. Sequence and Phylogenetic Analysis

Whole-genome sequencing of SARS-CoV-2 was performed on samples from tigers and
gorillas that tested positive, and sequences were deposited into GISAID with accession num-
bers EPI_ISL_20141344 and EPI_ISL_20141666. Online NCBI blast search indicated that the
tiger SARS-CoV-2 TX-UIUC-31115 strain showed the highest nucleotide identity of 99.97%
with several human strains, while the gorilla strain SARS-CoV-2 IL-UIUC-39037 had the
highest nucleotide identity of 99.77% with several human strains. Further analysis
using the online Pangolin COVID-19 Lineage Assigner tool (https://ngdc.cncb.ac.cn/
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ncov/online/tool/lineage-assigner?lang=en, accessed on 9 December 2025) revealed that
the tiger TX-UIUC-31115 strain belonged to Omicron BQ.1.10 lineage, while the gorilla
IL-UIUC-39037 strain was classified as Omicron XBB.1.16 lineage. Phylogenetic tree analy-
sis also showed that both tiger and gorilla strains clustered together with human SARS-
CoV-2 isolates in the branch of Omicron (Figure 5). These results indicate that different
lineages of the Omicron variant infected wildlife under human care.
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Figure 5. Phylogenetic tree analysis of complete genomes of SARS-CoV-2 variant strains in various
animal species. The tiger and gorilla SARS-CoV-2 strains in the present study are indicated by a
solid red square and corresponding animal icons. SARS-CoV-2 lineage of each strain was noted with
orange color in the tree.

By analyzing the deposited sequences in GISAID, we found that tigers had been
infected with SARS-CoV-2 of non-variants (B.1, B.1.2, B.1.234, B.1.369, and B.1.177.21),
Alpha (B.1.1.7), Delta (AY.103, AY.119, AY.25.1, AY.3, AY.39, AY.4.2, and AY.44, AY47),
and Omicron (BA.2.86 and BQ.1.10) (Figure 6). While more tigers were infected by Delta
variants, only a few deposited sequences showed Omicron infection. Similarly, gorillas were
infected by SARS-CoV-2 of non-variant (B.1.232), and three different variants including
Alpha (B.1.1.7), Delta (AY.103, AY.34, AY.44, and B.1.617.2), and Omicron (BA.5.2.1 and
XBB.1.16) (Figure 7). These data indicate that tigers and gorillas can be infected by different
variants of SARS-CoV-2.
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Figure 6. Phylogenetic tree analysis of complete genomes of SARS-CoV-2 non-variant and variant
strains in tigers. Strains from other non-USA countries are highlighted in different colors. The tiger
SARS-CoV-2 strain from the present study is indicated with a red solid square. SARS-CoV-2 lineage
of each strain was noted with orange color in the tree.
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Figure 7. Phylogenetic tree analysis of complete genome of SARS-CoV-2 non-variant and variant
strains. Strains from other non-USA countries are highlighted in different colors. The gorilla SARS-
CoV-2 strain from the present study is indicated with a red solid square. SARS-CoV-2 lineage of each
strain was noted with orange color in the tree.
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4. Discussion

Since February 2020, when the first report indicated that dogs in the Canidae family
within order Carnivora tested positive for SARS-CoV-2 [10], animals from 29 families
across 12 orders (Carnivora, Rodentia, Cingulata, Squamata, Artiodactyla, Primates, Pi-
losa, Sirenia, Perissodactyla, Didelphimorphia, Lagomorpha, and Chiroptera) have tested
positive for SARS-CoV-2 [34]. Among these animal orders and families, there are at least
61 animal species that have tested positive for SARS-CoV-2 through molecular testing
(e.g., RT-PCR) and/ or serological testing [34,35] (Figure 8). The order Carnivora has the
highest number of SARS-CoV-2-positive animal species (24), followed by Artiodactyla
(13), Rodentia (8), Primates (7), Perissodactyla (2), and seven animal orders with one
species each. Experimental studies previously reported that pigs were not susceptible
to SARS-CoV-2 infection [36,37], or had low susceptibility even when higher inoculation
doses were used [38]. ACE2 receptor modeling and analysis also classified pigs into the
low-susceptibility group [39]. However, a previous study from Nigeria reported that pigs
tested positive for SARS-CoV-2 by RT-PCR and serological assays under non-experimental
conditions [40], suggesting that multiple factors contribute to the susceptibility of animal
to SARS-CoV-2.
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Figure 8. Based on the FAO website [34] and our recent publication [35], 61 animal species across
12 orders and 29 families have tested positive for SARS-CoV-2 by molecular PCR, serological test, or
both. Three species—chicken, duck, and turkey—that tested positive by molecular PCR were not
included in the figure.

Tigers have been documented to be infected with both non-variant and variant strains
of SARS-CoV-2. In April 2020, two Malayan and three Amur tigers at Bronx Zoo were the
first to be reported SARS-CoV-2-positive, with four of them presenting clinical respiratory
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signs; sequencing confirmed infection with the B.1 lineage [13]. Subsequently, five tigers
with respiratory signs at two U.S. zoos (Knoxville zoo in Tennessee and Fort Wayne
Zoo in Indiana) tested positive for SARS-CoV-2, and sequence analysis identified the
B.1.2 lineage [7,41]. Additional reports include two tigers at Boras Zoo in Sweden infected
with the B.1.177.21 lineage and one tiger at the Wildcat Sanctuary in Minnesota infected
with the B.1.369 lineage [7].

In addition to these non-variant strains, tigers have also been infected with SARS-
CoV-2 variants. In 2021, five Malayan and one Sumatran tiger at two zoos (Virginia Zoo
in the US and Prague Zoo in the Czech Republic) developed respiratory signs, including
labored breathing and coughing, and were confirmed to be infected with B.1.1.7 (Alpha)
variant [7,42]. Three Amur tigers at a wildlife park in England and two tigers at Brook-
field Zoo in Chicago, Illinois, were reported to be infected with the B.1.617.2 (Delta)
variant [43,44]. Moreover, at least eight additional U.S. states reported tigers infected
with Delta variants (Figure 6), suggesting a high infection rate in this species.

By contrast, only two outbreaks involving tigers have been attributed to the Omicron
variant. In the present study, we reported that six tigers were infected with the Omicron
BQ.1.10 lineage in 2023 (Figure 6). In 2024, tigers from a zoo in Oregon also tested posi-
tive for the Omicron sublineage BA.2.86. Compared with the widespread Delta variant,
the much lower number of reported Omicron infection in tigers in the U.S. (Figure 6)
may reflect the presence of protective immunity induced by vaccination and/or prior
SARS-CoV-2 infection.

Gorillas with SARS-CoV-2 infections have been reported in different countries, in-
cluding the U.S., Czech Republic, and the Netherlands. Strains infecting gorillas included
all variants—B.1.232, Alpha, Delta, and Omicron. The SARS-CoV-2 outbreak in gorillas
was first documented at the San Diego Zoo Safari Park in January 2021 [45], and sequenc-
ing analysis confirmed that the animals were infected with the B.1.232 variant (Figure 7).
Following this, the Alpha variant was detected in five gorillas at the Prague Zoological
Garden in the Czech Republic during February—March 2021 [46], and the Delta variant
was detected in gorillas at zoos in three states (Georgia, California, and Missouri) in the
U.S. (Figure 7) and the Netherlands during September—-November 2021 [47]. The Omicron
variant has been detected at zoos in two states (Florida and Illinois) in the U.S (Figure 7).

Our study reports the detection and sequencing of Omicron variants in two zoo
animal species under human care at zoological institutions: tiger and gorilla. In contrast
to the relatively short viral shedding periods observed in tigers (up to 2 weeks in feces),
gorillas shed SARS-CoV-2 for a considerably longer time, extending beyond one month.
Variability in shedding duration has been documented across individual animals and
different species, both with non-variant and variants of SARS-CoV-2. For example, four
tigers at Bronx Zoo infected with a non-variant B.1 lineage strain in 2020 shed virus for
12, 14, 22, and 26 days, which appeared to correlate with the duration of clinical signs
(2, 5,16, 1 day, respectively) [7]. At the same zoo, three lions infected with the non-variant
B.33 lineage shed virus for 16, 34, and 39 days. Similarly, one of three tigers at Tennessee
zoo shed a non-variant in feces for up to 29 days [48]. All three snow leopards infected
with a B.1.2 lineage strain at a Kentucky zoo shed virus for at least one month (30, 32, and
33 days) [49]. By contrast, two tigers at Brookfield Zoo in Chicago infected with the Delta
variant (AY.44 lineage) shed virus in feces for only 5 and 6 days, whereas two lions from
the same zoo shed virus for 14 and 20 days [44]. Lions at Utah’s Hogle Zoo infected with
the Delta variant shed virus for up to 33 days in feces and as long as 14 weeks in respiratory
specimen after illness onset [50]. Collectively, these data indicate that the durations of viral
shedding in zoo animals are highly variable, underscoring the importance of follow-up
monitoring of SARS-CoV-2-positive animals to safeguard their health.
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It remains unknown how these animals acquired SARS-CoV-2 infection. It is possi-
ble that they were exposed through contaminated feed, water, or close contact with an
infected human. Our study showed two different lineages of Omicron variants infect-
ing zoo tigers and gorillas. Continued surveillance and investigation of SARS-CoV-2 in
animals is warranted.
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